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Summary:
In helical strips of dog cerebra� arterie . s . ex posed to Ca2+ -free medium under hYPoxlc condltions (95% N 2 and 5% CO 2 ), prostaglandin (PO) F 2 1l produced a slight tonic contraction. The addition . of Ca2+ evok � d a phasic contraction followed by relax�t � on and a sus . t � med contraction, and reoxygenation ehclt � d an addltIOnal tonic contraction of moderate magmtude. When the PGF2a-induced contraction was stabilized in �a2+ -free medium, reoxygenation contracted the arteries only slightly. "D-eatment with the stable PGI2 analogues PGI2 methylester and TRK-100 attenuated the contractions caused by PGF 2 a and Ca2+ and abolished almost com pletely the reoxygenation-induced contraction. Treat ment with nitroglycerin inhibited the contractions caused by PGF 2 1l and Ca2+, but did not significantly alter the contraction induced by reoxygenation. The Ca2+ entry
The mechanical responses of isolated cerebral ar teries to vasodilator substances differ from those of extracerebral arteries. For instance, Ca 2 + entry blockers, including verapamil, diltiazem, nifed ipine, nicardipine, and flunarizine, relax cerebral arteries more than extracerebral arteries (Shimizu et aI., 1980; Van Nueten and Vanhoutte, 1981; Ya mamoto et aI., 1983) , whereas relaxations caused by acetylcholine and isoproterenol are not so evi dent in cerebral arteries as in others (Toda, 1974a (Toda, , 1979 . Prostaglandin (PG) 1 2 , nitroglycerin, and Ca 2 + entry blockers produce marked relaxations of cerebral arteries; however, their mechanisms of ac tion are quite different. PGI 2 and nitroglycerin relax the arteries, possibly by accumulation of cellular cyclic AMP and cyclic GMP, respectively (Kuko-blockers diltiazem, flunarizine, and felodipine did not alter the PGF 2 a-induced contractions, but at�enuated the contractions caused by Ca2+ and reoxygenatIOn. The va sodilator agents used appear to interfere differently with the release of Ca2+ from intracellularly stored sites and the transmembrane Ca2+ influx through receptor-oper ated channels under hypoxia and normoxia. The cere broarterial contraction caused by reoxygenation may be associated mainly with increased Ca2+ influx from re ceptor activation and tissue oxygenation, which is mark edly suppressed by PGI 2 analogues and moderately at tenuated by Ca2+ entry blockers but not significantly in fluenced by nitroglycerin. Key Words: Ca2+ entry blocker-Cerebral artery-Hypoxia-Nitroglycerin Prostaglandin 1 2 -Reoxygenation-induced vasoconstric tion. vetz et aI., 1979; Gruetter et aI., 1981) , which ap pear to inhibit the transmembrane Ca 2 + influx and the ion release from intracellularly stored sites. On the other hand, Ca 2 + entry blockers interfere mainly with the Ca 2 + influx across the depolarized cell membrane [reviewed by Fleckenstein (1983) ]. Because of the different mechanisms, these sub stances are expected to influence the mechanical activity of cerebral arteries differently.
Reperfusion of brain that has been exposed to prolonged ischemia markedly decreases cerebral blood flow, oxygen consumption, and glucose me tabolism in association with increased vascular re sistance (Drews et al., 1973; Snyder et aI., 1975; Rehncrona et aI., 1979; White et aI., 1982) and pro motes histological mitochondrial damage in the ischemic area (Jenkins et aI., 1981) . To improve the prognosis of patients with ischemic brain disease, it would be quite important to determine the possible mechanism underlying postischemic hypoperfusion or the no-reflow phenomenon and a reasonable ma-neuver of drug therapy for the circulatory distur bances.
The aim of the present study was to compare the actions of stable analogues of PGI 2 , nitroglycerin, and Ca 2 + entry blockers on contractile responses to PGF 2 a and Ca 2 + in isolated dog cerebral arteries exposed to Ca 2 + -free medium under hypoxia and on the responses to reoxygenation. PGI 2 and Ca 2 + entry blockers, but not nitroglycerin, effectively suppressed the reoxygenation-induced cerebral va soconstriction.
METHODS
Mongrel dogs of either sex, weighing 7-15 kg, were anesthetized with sodium pentobarbital (30 mg/kg i. v.) and killed by bleeding from the common carotid arteries. The brain was rapidly removed, and basilar and middle cerebral arteries (0.6-0.S mm, outside diameter) were isolated. The arteries were cut into helical strips, �20 mm long. The strips were vertically fixed between hooks in a muscle bath containing modified Ringer-Locke solu tion, which was maintained at 37 ± 0.3°C and aerated with a mixture of 95% Oz and 5% COz. The hook an choring the upper end of the strips was connected to the lever of a force-displacement transducer (Nihonkohden Kogyo Co., To kyo, Japan). The resting tension was ad justed to 1.5 g, which is optimal for inducing the maximal contraction (Toda et aI., 1975) . Constituents of the nu trient solution were as follow (mM): NaCl 120, KCl 5.5, NaHC03 25.0, CaClz 2.2, MgClz 1.0, and dextrose 5.6. The pH of the solution was 7.36-7.41. Before the start of experiments, preparations were allowed to equilibrate for 60-90 min in the bathing medium, during which time the solutions were replaced every 10-15 min.
Isometric contractions and relaxations were displayed on an ink-writing oscillograph (Nihonkohden-Kogyo Co.). Two basilar or two middle cerebral arterial strips were obtained from the same dog. The contractile re sponse to 30 mM K + was first obtained; then, the prepa rations were washed three times with fresh medium. After an equilibration period of 30-40 min, contractile responses to PGFZa (10-5 M) were obtained twice. The tonic contraction of the second responses was taken as a control. Arterial strips were then exposed to Ca2+ -free medium containing 0.1 mM EGTA for 60 min, during which time the medium was replaced twice every 20 min. The gas mixture (95% Oz and 5% COz) was replaced with a mixture of 95% Nz and 5% COz after 20-min exposure to the Ca z + -free medium. The Poz of the nutrient solution was rapidly lowered from 670 to -10 mm Hg. The pH of the solution was 7.35-7.42. Tw enty minutes after re placement of the gas mixture, one of the paired strips was treated for 20 min with vasodilators (after 60-min expo sure to Ca z +-free medium and 40 min under hypoxic con ditions); then, PGFZa (10-5 M) was added. The other strip was used as a control without vasodilator treatment. When the response had leveled off, Ca z + (2.2 mM) was added. After stabilization of the response, the gas was returned to 95% Oz and 5% COz. Results shown in the text, figures, and table are ex pressed as means ± SE. Statistical analyses were made using the Student paired and unpaired t test. Drugs used were PG Iz methylester and PGFza (Ono Co., Osaka, Japan); TRK-100, a stable analogue of PGIz {sodium( +)-4 (IR,2R,3aS ,SbS)-1 ,2,3a,Sb-tetrahydro-2-hydroxy-l [(3S ,4RS)-3-hydroxy-4-methyl-oct-6-yne-(E)-I-enyl]-5cyclopenta[b]benzofluranyl butyrate} (Toray-Kaken Pharmaceutical Co., To kyo); nitroglycerin (Nippon Kayaku Co., Ltd., To kyo); diltiazem hydrochloride (Tanabe Seiyaku, Osaka); flunarizine {(E)-I-[bis(4-fluoro phenyl)methyl]-4-(3-phenyl-2-propenyl) piperazine dihy drochloride} (Kyowa-Hakko Co., Tokyo); felodipine [ethylmethyl 4-(2,3-dichlorophenyl)-I,4-dihydro-2,6-di methyl-3,5-pyridinedicarboxylate] (Hoechst Japan, Ltd., To kyo); and EGTA (Wako Pure Chemical Ind., Osaka).
RESULTS
The addition of PGF 2 a in a concentration of 10-5 M produced a tonic contraction or a phasic con traction followed by a tonic one in dog cerebral ar terial strips exposed to oxygenated control me dium; the mean value of the tonic contractions rela tive to those elicited by 30 mM K + was 74.2 ± 2.7% (n = 66). When the arterial strips were ex posed for 60 min to Ca 2 +-free medium and for 40 min to hypoxia (by replacing 95% O 2 with 95% N 2 ), PGF 2 a 00-5 M)-induced contractions were mark edly reduced [14.1 ± 1.4% (n = 67) of contraction in control media]. After the contraction leveled off under the experimental conditions, Ca 2 + (2.2 mM) was applied, which caused triphasic responses, transient contraction, relaxation, and tonic con traction, as shown in the upper tracing of Fig. 1 . Reoxygenation contracted the arteries on the mag nitude of 27.3 ± 2.6% (n = 66) of contractions that were evoked by PGF 2 a in the control medium. Contractions caused by PGF 2 a and Ca 2 + plus reox ygenation in the arteries exposed to Ca 2 + -free me dium and hypoxia were 101.3 ± 3.5% (n = 66) of those induced by PGF 2 a in control medium. Fur ther, addition of 2.2 mM Ca 2 + (which made the ion concentration in the bathing medium 4.4 mM) did not contract but rather relaxed the arteries. In the arteries contracted with PGF 2 a in Ca 2 + -free me dium under hypoxia, reoxygenation produced a slight contraction. The contractions caused by PGF 2 a and reoxygenation averaged 13.8 ± 3.2 and 1.6 ± 0. 8% (n = 6), respectively, compared with the contraction due to PGF 2 a in the control me dium. The PGF 2 a-induced contraction in Ca 2 +-free medium was inhibited by 10.4% 0.6/15.4 x 100%) following exposure to hypoxia.
Tr eatment for 20 min with 10-6 M PGI 2 me thy lester moderately reduced the contraction caused by PGF 2 a in Ca 2 + -free medium under hypoxia and also the phasic contraction caused by Ca 2 + (A in Fig. 1) . Inhibition in the sustained contraction in duced by Ca 2 + , shown at B, was statistically insig- 
nificant. However, when paired comparisons were made in the contractions in the presence and ab sence of treatment with the PGI 2 analogue, the dif ference was evaluated to be significant (14.2 ± 6.1% inhibition; n = 10, p < 0.05). POI 2 methyl ester markedly inhibited the contraction due to reoxygenation (74.7 ± 6.3% inhibition) (C in Fig. O. Tr eatment with 10-6 M TR K-100, another stable analogue of PGI 2 (Akiba et aI., 1986) , also atten uated the contraction induced by PGF 2 n and Ca 2 + (A and B in Fig. 2) and markedly suppressed the reoxygenation-induced contraction (74.8 ± 7.2% inhibition; n = 9) (C in Fig. 2 ).
Tr eatment with nitroglycerin (10-7 M) signifi cantly attenuated the contraction by PGF 2 n in Ca 2 +-free medium under hypoxia and the transient and sustained contractions caused by Ca 2 + (Fig. 3) . However, the contraction due to reoxygenation was not influenced (27.0 ± 3.3 vs. 22.9 ± 3.8%; n = 9). The typical recordings in the presence and absence of nitroglycerin are shown in Fig. 4 . The inhibitory effect of nitroglycerin was not reversed by Ca z + (2.2 mM) that was added after the reoxy- 1988 genation-induced contraction leveled off. To ex clude a possible inactivation of nitroglycerin during long periods of experimentation (�80 min until reoxygenation), two strips of cerebral arteries ob tained from the same dog were subjected to the same treatment with PGF 2 n and Ca 2 + after long ex posure to Ca 2 + -free medium under hypoxia, which produced almost identical responses, shown as open and hatched columns for PGFza, A, and B in Fig. 5 . When the Ca 2 + -induced tonic contractions were stabilized, nitroglycerin (10-7 M) was added to one of the strips (the data shown as the hatched column), the response of which is shown there as cross-hatched columns. Nitroglycerin in this con centration produced significant and persistent re laxations (estimated from the difference in the hatched and cross-hatched columns). However, the contraction caused by reoxygenation was not in fluenced by the treatment with nitroglycerin (21.2 ± 6.8 vs. 23.9 ± 3.3%; n = 7) (open and cross hatched columns for C in Fig. 5 ).
Tr eatment with 10-6 M diltiazem did not alter the PGFzn-induced contraction in Ca 2 +-free medium , and reoxygenation (C) in cerebral arterial strips exposed to Ca 2 +-free medium under hypoxia. Con tractions induced by 10-5 M PGF 2 a in control media (oxy genated) were taken as 100%; mean absolute values in con trol and experimental (with nitroglycerin) series were 1,224 ± 111 (n = 9) and 1,449 ± 126 (n = 9) mg, respectively. Significantly different from control: .p < 0.01; bp < 0.05. treated with the Ca 2 + entry blocker always re sponded to Ca 2 + with moderate relaxations, as shown in the upper tracing of Fig. 4 ; the mean value was 60 ± II mg (n = 9). Flunarizine (10-6 M) also reduced the contractions caused by Ca2 + (A and B in Fig. 7 ) and by reoxygenation (C), but did not affect the PGF 2 a-induced contraction in Ca 2 + -free medium under hypoxia. The inhibitory effect was partially reversed by raising the extra cellular concentration of Ca 2 + to 4.4 mM. Felodi pine, a dihydropyridine Ca 2 + entry blocker (Ny borg and Mulvany, 1984) , in a concentration of 4 x 10-9 M suppressed the phasic contraction induced by Ca 2 + (A in Fig. 8 ) and moderately attenuated the tonic contraction by Ca 2 + (B) and reoxygenation (C), but did not alter the PGF 2 a-induced contrac tion in the arteries exposed to Ca 2 + -free medium. Diltiazem (10-6 M), flunarizine (10-6 M), and fe lodipine (4 x 10-9 M) moderately inhibited the contraction elicited by PGF 2 a in oxygenated, Ca 2 + containing medium ; mean values of the attenuation were 49.4 ± 6.4, 58.7 ± 5.5, and 47.8 ± 9.0%, respectively, which were statistically insignificant. Inhibitions by these blockers of re sponse A were 72.0 ± 5.2, 85.9 ± 4.5, and 87.1 ± 7.2%, respectively; those of response B were 44.4 ± 6.4, 61.3 ± 9.1, and 52.1 ± 9.9%, and of re sponse C 61.6 ± 8.4, 53.6 ± 6.7, and 54.6 ± 13.3%, respectively. The inhibitory effects of these Ca 2 + entry blockers in the concentrations used did not significantly differ.
DISCUSSION
Contractions caused by PGF 2 a in isolated dog ce rebral arteries were markedly reduced by exposure to Ca 2 + -free medium under hypoxia. The inhibition was almost identical to that seen in strips exposed to oxygenated, Ca 2 + -free medium (Toda, 1982; Ya mamoto et aI., 1983) . Returning from 95% N 2 to 95% O 2 gas produced only a slight contraction in the arteries contracted with PGF 2 a in Ca2+ -free me dium (1.6% of the PGF 2 a-induced contraction ob tained in oxygenated, Ca 2 + -containing medium). These findings suggest that the release of Ca 2 + from intracellularly stored sites and/or the function of contractile machinery is reduced only slightly by hypoxia. In the cerebral arteries stimulated by PGF 2 a in Ca 2 + -free medium under hypoxia (present study) and normoxia (Toda, 1982) , the addition of Ca2 + produced a transient contraction followed by relaxation and a sustained contraction. Similar transient contractions have also been observed in isolated dog cerebral arteries exposed for 60 min to Ca 2 + -free medium, regardless of whether or not , and reoxygenation in basilar arterial strips exposed to Ca2+-free medium under hypoxia. The arterial strips were obtained from the same dog. Magnitudes of the PGF 2 a-induced contraction obtained in oxygenated control media (left tracings) were similar in the strips for control (upper right tracing) and experimental (lower right tracing) series. extracellular concentrations of K + are raised (Toda, 1974b) . Stabilizing actions of membrane bound Ca2+ are presumed to be reduced by re moval of Ca2+ from bathing media (Somlyo and Somlyo, 1968) . Depletion of extracellular Ca2+ de polarizes smooth muscle cell membranes (Brading et aI., 1968; Prosser et aI., 1977) . Greater suscepti bility of the transient contraction than the sustained contraction to Ca2+ entry blockers may also support the hypothesis that the transient con traction is associated at least in part with mem brane depolarization.
After the contraction caused by Ca2+ in cerebral arteries previously exposed to Ca2+ -free medium under hypoxia was stabilized, reoxygenation pro duced a tonic contraction. The mean value was 27.3% of the contraction due to PGF 2 0l in control medium; the magnitude obtained by subtracting 1.6% (possible increase in the Ca2+ release by reoxygenation) from 27.3% is expected to be due to decreased Ca2+ influx caused by hypoxia; thus, the inhibition of Ca2 + -induced contractions by hypoxia would be calculated to be 25.7/101.3 -15.4 (total contraction minus PGF 2 0l-induced contraction) x 100 = 29.9%, which is appreciably greater than the J Cereb Blood Flow Metab, Vol. 8, No.6, 1988 inhibition of PGF 2 0l-induced contractions by hyp oxia (10.4%). These findings may indicate that hyp oxia interferes mainly with the Ca2+ influx that is increased via activation of drug receptors. In fact, uptake of 45Ca2+ by isolated rabbit aorta stimulated by norepinephrine is decreased under hypoxia (Ebeigbe, 1982) . Accumulation of cellular H+ and metabolites by exposure to hypoxia may be in volved in the depressed influx of Ca2+. Release of PGI 2 seems to be one of the mechanisms underlying relaxations caused by anoxia and by hypoxia (Kalsner, 1976; Busse et aI. , 1983; Rubani and Paul, 1985) , since the cerebroarterial relaxation was par tially attenuated by treatment with cyc100xygenase inhibitors (N. To da, unpublished data). Anoxia sup presses the release of endothelium-derived relaxing factor (Furchgott, 1983) , suggesting that the release of this substance is not involved.
The present study revealed that prolonged expo sure of isolated cerebral arteries to hypoxia atten uated the contractile response to PGF 2 0l and sero tonin, as shown by Simeone and Vinall (1980) . On the other hand, hypoxia rapidly contracts cerebral arteries precontracted with K +, serotonin, PGF 2 0l, and hemoglobin (Van Nueten et aI., 1982; Naka- in cerebral arterial strips exposed to Ca2+-free medium under hypoxia. To clarify the effect of the nitrate on reoxy genation-induced contractions, the drug was applied after the second contraction caused by Ca2+ (8) was stabilized (hatched column). After the nitroglycerin-induced relaxation leveled off (cross-hatched column), the 95% N 2 gas was changed to 95% 0 2 ' Contractions induced by 10-5 M prosta glandin (PG) F 2 a in control media (oxygenated) were taken as 100%; mean absolute values in control and experimental (with nitroglycerin) series were 980 ± 142 (n = 7) and 998 ± 168 (n = 7) mg, respectively. Significantly different from control: ap < 0.01. gomi et al., 1987) . Such a contrasting response may be due to different times of exposure to hypoxia, that is, the acute effect (augmenting contraction) and the effect of prolonged exposure (attenuating contraction). This idea may be supported by the fact that reoxygenation from prolonged hypoxia in our study produced a transient relaxation followed by a sustained contraction, as shown in Fig. 4 .
Contractions caused by PGF 2 a, Ca2+ (A and B as shown in Fig. 1) , and reoxygenation in the cerebral arterial strips previously exposed to Ca2 + -free me dium under hypoxia were inhibited differently by treatment with PGI 2 analogues, nitroglycerin, and Ca2+ entry blockers. PGI 2 analogues reduced the contraction caused by PGF 2 a and Ca2+ in the ar- Ca2+ (A and 8), and reoxygenation (C) in cerebral arterial strips exposed to Ca2+-free medium under hypoxia. Con tractions induced by 10-5 M PGF 2 a in control media (oxy genated) were taken as 100%; mean absolute values in con trol and experimental (with felodipine) series were 1,404 ± 199 (n = 10) and 1,208 ± 149 (n = 10) mg, respectively. Significantly different from control: ap < 0.001; bp < 0.01; cp < 0.05. teries soaked in Ca2+ -free medium. Similar results were obtained in isolated dog coronary arteries stimulated by PGF 2 a and serotonin (Inoue and N. Toda, unpublished data). It seems likely that PGI 2 and its analogues interfere with the release of Ca2+ from stored sites and also the Ca2 + influx increased by PGF 2 a receptor activation. Contractions in duced by reoxygenation were markedly inhibited (75%) by PGI 2 analogues, probably owing to a sup pression of Ca2+ influx through the receptor-oper ated channel that is activated by oxygenation of tissues. Nitroglycerin attenuated the contractions elicited by PGF 2 a and Ca2+, as did the PGI 2 ana logues. However, the organic nitrate failed to re duce the contractile response to reoxygenation. This does not appear to result from the use of in sufficient concentration, since PGI 2 methylester in a concentration that produced a similar magnitude of relaxation to that produced by nitroglycerin (33.2 vs. 36.5%) suppressed the reoxygenation-induced contraction. Cyclic AMP and cyclic GMP, possible intracellular mediators for relaxations caused by PGI 2 and nitroglycerin, respectively (Kukovetz et aI., 1979; Gruetter et aI., 1981) , may alter functions of the Ca2+ channel, responsive to oxygen, differ ently, but reduce inward movements of Ca2+ through the channel under hypoxia in a similar way.
Tr eatment with diltiazem, flunarizine, and felodi pine did not reduce the contraction caused by PGF 2 a in Ca2+ -free medium. As far as the concen trations used are concerned, the Ca 2 + entry blockers would not affect the release of Ca2+ from stored sites and the function of the contractile ma chinery. Flunarizine is reported to dilate cerebral vasculature predominantly over other blood vessels (Van Nueten and Vanhoutte, 1981) . Its potency in inhibiting the contraction caused by Ca2 + was ap proximately the same as that of diltiazem. Felodi pine was roughly 250 times as potent as diltiazem and flunarizine. These blockers also inhibited the contraction induced by reoxygenation and the sus tained contraction by Ca2+ (B in Figs. 6-8) to a similar extent, suggesting that transmembrane Ca2 + influxes mediated by drug receptors under hypoxia and normoxia are almost equally blocked.
The effects of PGI 2 analogues, nitroglycerin, and Ca2+ entry blockers on the contractility of isolated cerebral arteries soaked in Ca2+ -free medium under hypoxia are summarized in Ta ble 1. Facilitation of Ca2+ influx through the receptor-operated channel by reoxygenation appears to be differently affected by these vasodilators. Reoxygenation-induced cer ebroarterial constriction would be a factor of the no-reflow phenomenon after prolonged ischemia in 
